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The Xenopus homolog of glycogen synthase kinase-3, Xgsk-3, plays a major role in regulating the formation of the dorsal±
ventral axis, most likely through effects on the mesoderm. To determine whether Xgsk-3 is involved in ectodermal
patterning, Xgsk-3 was ectopically overexpressed in the presumptive ectoderm. This approach resulted in a dramatically
expanded cement gland, which is due to early changes in cement gland speci®cation at the anterior end of the embryo.
Explant experiments were used to show that Xgsk-3 overexpression enhances the response of ectoderm to cement-gland-
inducing signals from the mesoderm and to the intercellular signaling factor noggin. Expression of two other noggin-
inducible genes, Xotx2 and XANF-2, was also expanded in whole embryos, while the expression of the epidermal marker,
Xgbx-2, was eliminated. These results suggest that Xgsk-3 may play a role in anterior ectodermal patterning as a component
of an intracellular pathway that regulates the ectodermal responsiveness to endogenous inducing signals. q 1996 Academic
Press, Inc.
INTRODUCTION functioning as an inhibitor of dorsal structures (Dominguez
et al., 1995; He et al., 1995; Pierce and Kimelman, 1995).
Glycogen synthase kinase-3 (GSK-3) is a mammalian in- Inhibition of Xgsk-3 with a dominant inhibitory mutant
tracellular serine/threonine kinase represented by two iso- causes ectopic head formation, whereas expression of wild-
forms, GSK-3a and GSK-3b, which has highly conserved type Xgsk-3 on the dorsal side of the embryo leads to a
homologs in many organisms, including invertebrates, partially ventralized embryo. Since members of the Wnt
other vertebrates, and plants. GSK-3 and its homologs have family can also cause ectopic head formation (Christian et
been shown to play roles in several intracellular signaling al., 1991; Sokol et al., 1991; Chakrabarti et al., 1992), these
pathways which are known to be important for both cell results suggest that the wg pathway is conserved between
growth and cell fate determination (reviewed in Woodgett, Drosophila and Xenopus. This is supported by the discovery
1991; Plyte et al., 1992). One of these is the pathway utilized that homologs of two other components of the wg pathway
by the Wnt family of intercellular signaling factors, origi- are likely to be involved in this process. Elimination of the
nally characterized genetically as the pathway activated by maternal mRNA encoding the Xenopus homolog of arma-
the Drosophila Wnt homolog, wingless (wg). wg acts at sev- dillo, b-catenin, eliminates all dorsal structures (Heasman
eral times in development by inhibiting the function of the et al., 1994), whereas injection of RNA encoding b-catenin,
Drosophila homolog of GSK-3b, zeste-white 3/shaggy (zw3/ or the related protein plakoglobin, induces ectopic heads
shaggy), leading to speci®c cell-fate decisions (Bourouis et (Funayama et al., 1995; Karnovsky and Klymkowsky, 1995).
al., 1990; Siegfried et al., 1992). Two other components of Similarly, injection of RNA encoding the Xenopus homolog
the wg pathway have been identi®ed: armadillo, which is of dishevelled induces ectopic heads (Sokol et al., 1995).
epistatic to zw3/shaggy, and dishevelled, which acts up- In regulating the Xenopus dorsal±ventral axis, Xgsk-3 ap-
stream of zw3/shaggy (Noordermeer et al., 1994; Siegfried pears to primarily affect the developing mesoderm (Domin-
et al., 1994). guez et al., 1995; He et al., 1995; Pierce and Kimelman,
The Xenopus GSK-3 homolog, Xgsk-3, like zw3/shaggy, 1995). In Drosophila, zw3/shaggy also functions to regulate
is more closely related to GSK-3b than to GSK-3a (Domin- the decision between neural and epidermal fates (Heitzler
guez et al., 1995; Pierce and Kimelman, 1995). During the and Simpson, 1991; Ruel et al., 1993). Since zw3/shaggy is
early development of the Xenopus embryo, Xgsk-3 appears involved in the speci®cation of ectodermal cell fates, we
asked whether Xgsk-3 might also regulate patterning ofto regulate the determination of the dorsal±ventral axis by
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from unincorporated nucleotides with a Microcon 100 micro-Xenopus ectoderm. To investigate this possibility, Xgsk-3
concentrator (Amicon) and injected without further puri®cation.was ectopically overexpressed in the presumptive ectoder-
RNA was microinjected as published (Moon and Christian, 1989),mal region of early Xenopus embryos. The most striking
in volumes of 10 nl or less per blastomere. Embryos were injectedeffect of Xgsk-3 overexpression was a broad expansion of
with 4±8 ng Xgsk-3 or Xgsk-3FS RNA, 400 pg b-galactosidase RNA,the cement gland, an induced ectodermal tissue at the ante-
or 37.5 or 150 pg noggin RNA.
rior end of the embryo which is neither a neural nor an
b-galactosidase activity staining. b-galactosidase activity
epidermal structure. We show that Xgsk-3 overexpression staining followed the procedure of Turner and Weintraub (1994),
enhances the responsiveness of naive ectoderm to cement- using 6-chloro-3-indolyl b-D-galactopyranoside (Salmon-gal; Bio-
gland-inducing signals originating in the mesoderm and synth AG) as a substrate to produce a red stain.
In situ hybridization. Whole-mount in situ hybridization fol-show that Xgsk-3 promotes the response of ectoderm to the
lowed the procedure of Harland (1991), with a variety of modi®ca-intercellular signaling factor, noggin. In addition, ectopic
tions (Knecht et al., 1995). For antisense probe synthesis, XAG-1overexpression of Xgsk-3 expands the expression of Xotx2
plasmid (Sive et al., 1989) was digested with NotI, XANF-2 (Mathersand XANF-2, two noggin-inducible anterior genes. Concom-
et al., 1995) with HindIII, Xotx2 (Blitz and Cho, 1995) with KpnI,itantly, the expression of Xgbx-2, an epidermal marker, is
and Xgbx-2 (von Bubnoff et al., 1996) with EcoRV. XAG-1 waslost, suggesting that expansion of anterior ectodermal struc-
transcribed with T7 polymerase, and XANF-2, Xotx2, and Xgbx-2
tures occurs at the expense of anterior epidermis. These were transcribed with T3 polymerase.
results suggest that Xgsk-3 may play a role in ectodermal
patterning and that, as in Drosophila, GSK-3 homologs
function in multiple developmental processes. RESULTS
Ectopic Expression of Xgsk-3 Causes Expansion of
MATERIALS AND METHODS the Cement Gland
In order to investigate a possible role for Xgsk-3 in ecto-Embryos. Fertilized embryos were obtained as previously de-
dermal patterning, Xgsk-3 was overexpressed in the pro-scribed (Newport and Kirschner, 1982). Eggs were fertilized in 0.51
spective ectodermal region of early Xenopus embryos. Em-MMR (11 MMR is 0.1 M NaCl, 2.0 mM KCl, 1.0 mM MgSO4, 2.0
mM CaCl2, 0.1 mM EDTA, and 5.0 mM Hepes, pH 7.8). The jelly bryos were injected at the two-cell stage in the animal pole
coat was removed with 2% cysteine in water, pH 7.8, and eggs were region of one blastomere with RNA encoding Xgsk-3 or a
rinsed in 0.11MMR. Embryos were kept at 14 to 237C. Staging was nonfunctional frameshift version of Xgsk-3 (Xgsk-3FS).
as previously described (Nieuwkoop and Faber, 1967). Xgsk-3FS contains a frameshift approximately 40% into the
Tissue explants and conjugates. For ectoderm explants, the protein and has no effect on early development (Pierce and
upper portion of the animal hemisphere was dissected from stage Kimelman, 1995). By the end of gastrulation, the left±right
9 embryos with a ®ne wire knife. Care was taken to remove any
axis in many embryos corresponds approximately to theadherent vegetal cells. Explants were cultured in 11 MBS (88 mM
®rst cleavage plane that divided the embryo into two cellsNaCl, 1 mM KCl, 0.41 mM CaCl2 , 0.33 mM Ca(NO3)4 , 0.82 mM
(Danilchik and Black, 1988). Thus, injection in one of twoMgSO4, 2.4 mM NaHCO3, 10 mM Hepes, pH 7.4) with 1 mg/ml
cells with RNA encoding a nonsecreted protein results inBSA and 50 mg/ml gentamicin sulfate. For ectoderm/mesoderm
conjugates, ectoderm was explanted as above. All involuted dorsal one-half of the embryo being affected while the other half
mesoderm with the attached super®cial layer was dissected from acts as an internal control. This was the case for the major-
stage 11 embryos and the overlying ectoderm was removed and ity of the embryos in our experiments as determined by the
discarded. Ectoderm and mesoderm were cultured in contact or use of b-galactosidase as a lineage tracer (see below). All
alone in 11 MBS, 1 mg/ml BSA, 50 mg/ml gentamicin sulfate, 5 embryos injected in one cell at the two-cell stage with Xgsk-
units/ml penicillin, 50 mg/ml streptomycin, and 100 mg/ml neomy- 3 RNA developed with expanded or ectopic cement glands
cin. All antibiotics were from Sigma.
on the injected sides (Fig. 1B), while the cement glands wereRNA expression vectors. An RNA expression vector encoding
normal on the uninjected sides of these embryos (Fig. 1A)Xgsk-3 was constructed by removing the BamHI fragment from
and in embryos injected with Xgsk-3FS RNA (not shown).pXG03 (Pierce and Kimelman, 1995), and inserting it into the
When the embryos injected with Xgsk-3 RNA developed toBamHI site of a CS2/ vector (Turner and Weintraub, 1994), creating
pXG73. A CS2/ construct of the frame-shift mutant of Xgsk-3 late tailbud stages, their bodies were shorter and curved
(Xgsk-3FS) was made by removing a BstEII±SphI fragment from toward the injected side, and the eye typically failed to de-
pXG30FS (Pierce and Kimelman, 1995) and inserting it into pXG73, velop on that side (not shown).
which had been digested with BstEII and SphI, creating pXG92. Although Xgsk-3 overexpression caused dramatic expan-
RNA synthesis and microinjection. Xgsk-3 and Xgsk-3FS RNA sion of the cement gland, the ectopic cement gland was
was synthesized from the CS2/-derived vectors, linearized with limited to approximately the anterior half of the embryo
NotI. The template for b-galactosidase RNA was CS-b-galactosi-
and was never seen in the posterior region. To determinedase (Turner and Weintraub, 1994), linearized with NotI. Noggin
whether this was due to a restricted distribution of the in-RNA was synthesized from pnogginD5* (Smith and Harland, 1992),
jected RNA, embryos were co-injected in one cell at thelinearized with EcoRV. RNA was synthesized using the SP6 mMES-
two-cell stage with Xgsk-3 RNA and RNA encodingb-galac-SAGE mMACHINE kit (Ambion) following the manufacturer's in-
structions. Phenol:chloroform (1:1)-extracted RNA was separated tosidase, so that cells expressing the injected RNAs could
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FIG. 1. Ectopic Xgsk-3 expression causes cement gland expansion. Embryos were injected in one cell at the two-cell stage with Xgsk-3
RNA and cultured until stage 24. (A) Uninjected sides; dorsal is to the left and anterior is at the top. (B) Injected sides of embryos in (A);
dorsal is to the right. The sites of the endogenous cement glands are indicated (arrowheads).
FIG. 2. Cement gland expansion is limited to the anterior region of ectopic Xgsk-3 expression. Embryos were injected with Xgsk-3 and
b-galactosidase RNA in one cell at the two-cell stage, cultured until stage 20, and stained for b-galactosidase activity (red) and XAG-1
expression (purple). (A) Uninjected sides; dorsal is to the right and anterior is at the top. (B) Injected sides of the embryos in (A); dorsal is
to the left. Note that XAG-1 expression is limited to the anterior region of b-galactosidase activity. Occasional b-galactosidase expressing
cells on the uninjected side of the embryo indicate that the ®rst cleavage does not always perfectly divide the embryo into left and right
halves.
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FIG. 4. Xgsk-3 enhances ectodermal response to mesoderm. Ectoderm was explanted from embryos previously injected with Xgsk-3FS
or Xgsk-3 RNA, cultured alone or in contact with dorsal mesoderm, and stained for XAG-1 expression. (A) Ectoderm from embryos injected
with Xgsk-3FS RNA, cultured alone. (B) Ectoderm from embryos injected with Xgsk-3 RNA, cultured alone. (C) Mesoderm from uninjected
embryos. (D) Ectoderm as in (A) cultured with mesoderm. (E) Ectoderm as in (B) cultured with mesoderm. The spot of stain in (C) is debris
stuck to the explant.
FIG. 5. Xgsk-3 enhances ectodermal responsiveness to noggin. Embryos were injected with Xgsk-3FS RNA (A), Xgsk-3 RNA (B), 37.5 pg of
noggin RNA in combination with Xgsk-3FS (C) or Xgsk-3 (D) RNA, or 150 pg of noggin RNA alone (E). Ectoderm was explanted, cultured, and
stained for XAG-1 expression. The diffuse pale purple color in some explants is background staining. One of three experiments is shown.
FIG. 3. Ectopically expressed Xgsk-3 disrupts expression of anterior and lateral genes. Embryos were injected in one cell at the two-cell
stage with Xgsk-3FS (E) or Xgsk-3 (A±D, F±H) and b-galactosidase RNA, cultured until stage 13.5 (A) or stage 14 (B±H), and stained for
b-galactosidase activity and the indicated gene expression. (A and B) XAG-1 expression in embryos viewed from the dorsal side. Anterior
is facing to the left in (A) and to the right in (B), with the injected sides facing down. Note the presence of b-galactosidase activity and
the absence of XAG-1 expression within the neural plate region (arrowhead) in (B). Although not apparent in the photograph, the neural
folds, which mark the borders of the neural plate, are readily seen with a microscope. (C and D) Xotx2 expression on the uninjected (C)
and injected (D) sides of one embryo. Note anterior (arrow) and posterior (arrowhead) regions of expression in (C). In the embryo in (D),
only the anterior region of expression has expanded. (E and F) Anterior-lateral view of XANF-2 expression in embryos injected with Xgsk-
3FS (E) and Xgsk-3 (F) RNA. Note the appearance of anterior (arrow) and posterior (arrowhead) regions of expression in (E). In the embryo
in (F), both the anterior and posterior regions of expression have expanded on the injected side (facing down). (G and H) Xgbx-2 expression
on the uninjected (G) and injected (H) sides of one embryo. The epidermal expression is visible in (G). The neural domain of expression
is mostly hidden in this view by the neural folds. The pairs of embryos in (C and D) and (G and H) are oriented with dorsal at the top
and anterior facing the center. Staining for b-galactosidase activity is visible in the microscope although it is not visible in all photographs.
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be identi®ed. In this experiment, cement gland was detected Xgsk-3 Disrupts Patterning within Anterior and
Lateral Ectodermby in situ hybridization using the cement gland marker gene
XAG-1 (Sive et al., 1989). As shown in Fig. 2, expanded and
The above results demonstrate that Xgsk-3 overex-ectopic cement gland formation was limited to the region
pression causes the expansion of cement gland into morein which b-galactosidase activity was detected (Fig. 2B).
lateral regions of the embyro, rather than posteriorly intoHowever, while the b-galactosidase staining was often
the neural region. To investigate whether general anteriorspread along the length of the body, the cement gland
patterning and epidermal patterning are also altered, wemarker was found only in the anterior region of the embryo.
determined the effects of Xgsk-3 overexpression on the ex-These results indicate that while inappropriate cement
pression of genes in the anterior and epidermal regions.gland formation occurred only where Xgsk-3 was overex-
We ®rst determined the effects of Xgsk-3 overexpressionpressed, this was not suf®cient for cement gland formation
on the expression of two anterior markers which are ex-in the posterior region of the embryo.
pressed in and adjacent to the cement gland region. Xotx2Although cement gland differentiation is not observed
is expressed in the early neurula in two regions, one morein the embryo until the late neurula stages, cement gland
anterior, corresponding to the prospective cement gland,speci®cation begins during the gastrula stages (Sive et al.,
and the other more posterior, overlapping the anterior neu-1989). We asked whether Xgsk-3 altered early speci®cation
ral plate (Blitz and Cho, 1995; Pannese et al., 1995) (Fig.of the cement gland. Embryos were co-injected in one cell
3C). When Xgsk-3 RNA was injected in one cell at the two-at the two-cell stage with Xgsk-3 and b-galactosidase RNAs,
cell stage, the anterior domain of Xotx2 expression ex-and presumptive cement gland was detected by in situ hy-
panded laterally on the injected side in 95% of the embryosbridization with XAG-1, which is ®rst expressed late in
(Fig. 3D), similar to the effect on XAG-1 expression. In addi-gastrulation (Sive et al., 1989). We found that as early as
tion, in approximately 25% of the embryos, the posteriorthe beginning of neurulation, the region of XAG-1 expres-
region of expression was also distorted or expanded later-sion was expanded both laterally (Figs. 3A and 3B) and ven-
ally. XANF-2 is expressed in a region extending from thetrally (not shown) on the side of the embryo where Xgsk-3
anterior neural fold to just posterior to the prospective ce-was ectopically expressed. At this early stage, XAG-1 is
ment gland. Its expression also appears as two bands, withexpressed in a somewhat broader area than will be occupied
the more anterior expression corresponding to the prospec-by the differentiated cement gland. Therefore, the effects of
tive anterior pituitary (Mathers et al., 1995) (Fig. 3E). TheXgsk-3 on cement gland localization can be seen at a time
region corresponding to the prospective pituitary is not co-soon after cement gland speci®cation begins.
incident with the prospective cement gland but is just pos-
terior to it (Mathers et al., 1995). Xgsk-3 overexpression
on one side of the embryo caused lateral expansion of theEctopic Expression of Xgsk-3 Does Not Decrease
anterior XANF-2 expression in 85% of the embryos (Fig. 3F),the Size of the Neural Plate
as was seen with Xotx2 and XAG-1. The posterior region of
expression was also expanded in some embryos, but thisAlthough cement gland and neural tissue are both of ecto-
effect was more variable than the effect on the Xotx2 poste-dermal origin, gastrulation results in progressively more an-
rior expression. These results demonstrate that there is aterior dorsal tissue becoming speci®ed as cement gland un-
general expansion of markers for anterior ectoderm in re-til the cement gland is ®nally positioned in the most dorsal-
sponse to ectopic Xgsk-3 expression.anterior region of the embryo, anterior to the neural plate
Since the expansion of Xotx2 and XANF-2 mimics that(Sive et al., 1989). This region is neither neural ectoderm
of XAG-1, in that the expression of these genes expandsnor epidermis (Sive et al., 1989). We hypothesized that the
laterally and not dorsally in the neural plate, it may occurexpansion of cement gland caused by Xgsk-3 might re¯ect
at the expense of genes which are normally expressed inthe speci®cation of a larger region of the embryo as nonneu-
the epidermal region. To investigate this possibility, weral ectoderm at the expense of neural ectoderm. However,
determined the effect of Xgsk-3 overexpression on Xgbx-2,observation of embryos at the early neurula stage that had
which is expressed at the early neurula stage in two anteriorbeen injected with Xgsk-3 RNA in one cell at the two-cell
epidermal patches (Fig. 3G) in addition to two anterior dor-stage and stained for XAG-1 expression indicated that the
sal stripes in the neural plate (von Bubnoff et al., 1996). Thepresumptive cement gland was expanded ventrally and lat-
epidermal patches have sharp anterior boundaries, at theerally around the neural plate (Figs. 3A and 3B). XAG-1
anterior±posterior level of the midbrain±hindbrain bound-expression was never seen to expand posteriorly onto the
ary, with expression tapering off posteriorly (von Bubnoffneural plate, as de®ned by the emerging neural folds, even
et al., 1996). Injection of Xgsk-3 RNA resulted in signi®cantwhen b-galactosidase activity indicated the presence of
weakening or elimination of the epidermal component ofXgsk-3 RNA in the neural region (Fig. 3B). From these re-
Xgbx-2 expression on the injected side (Fig. 3H). In addition,sults we conclude that the cement gland expansion caused
50% of the embryos showed weakening or elimination ofby overexpression of Xgsk-3 did not occur at the expense
the neural Xgbx-2 expression as well (not shown). The lossof neural tissue, indicating that Xgsk-3 causes ventral and
lateral ectodermal cells to convert to a cement gland fate. of Xgbx-2 epidermal expression appeared to extend further
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TABLE 1 sis, we analyzed cement gland induction in conjugates of
Xgsk-3 Enhances Ectodermal Response to Mesoderm ectodermal tissue from embryos injected with Xgsk-3 RNA
and mesodermal tissue isolated from the dorsal side of unin-
Relative XAG-1 expression jected embryos. When dorsal mesodermal explants from
midgastrula-stage embryos were cultured alone, theySample n None Weak Moderate Strong
showed no XAG-1 staining (Fig. 4C), but when control ecto-
Experiment 1 derm was combined with dorsal mesoderm, a low level of
Xgsk-3FS ectoderm 6 6 (100%) 0 0 0
XAG-1 expression was observed (Fig. 4D and Table 1). Al-Xgsk-3 ectoderm 6 1 (17%) 5 (83%) 0 0
though we would have observed a higher level of XAG-1Mesoderm 3 3 (100%) 0 0 0
Xgsk-3FS conjugates 5 2 (40%) 0 3 (60%) 0 induction by selectively using anterior mesoderm as the
Xgsk-3 conjugates 6 2 (33%) 0 2 (33%) 2 (33%) inducing tissue (Sive et al., 1989), the lower level of XAG-
1 expression was advantageous for our experiments. WhenExperiment 2
Xgsk-3FS ectoderm 19 19 (100%) 0 0 0 ectoderm expressing Xgsk-3 was combined with mesoderm,
Xgsk-3 ectoderm 21 19 (90%) 2 (10%) 0 0 XAG-1 expression was seen in a larger number of explants
Mesoderm 20 20 (100%) 0 0 0 and in larger regions within the explants (Fig. 4E and TableXgsk-3FS conjugates 20 16 (80%) 0 3 (15%) 1 (5%)
1). In two experiments, greater than 30% of conjugates withXgsk-3 conjugates 19 3 (16%) 0 10 (53%) 6 (31%)
ectoderm expressing Xgsk-3 showed strong XAG-1 expres-
Note. Ectoderm was explanted from embryos previously injected sion, whereas 0±5% of the conjugates expressing Xgsk-3FS
with Xgsk-3FS or Xgsk-3 RNA and cultured alone (indicated as showed strong staining (Table 1). The XAG-1 expression in
ectoderm) or in contact with mesoderm (indicated as conjugates). both types of conjugates was signi®cantly greater than that
Experiment 1 is shown in Fig. 4. in Xgsk-3 expressing ectoderm alone (compare Figs. 4D and
4E to 4B). The reciprocal experiment, with Xgsk-3 expressed
in the mesoderm, was not done, since expression of Xgsk-
3 in the mesoderm eliminates anterior structures (He et al.,
posteriorly than the extent of anterior gene expression 1995; Pierce and Kimelman, 1995), indicating a loss of dor-
caused by Xgsk-3 RNA injection. Although this suggests sal character which is necessary for CG induction (Sive et
that Xgsk-3 may be affecting ectoderm at the posterior end al., 1989). Our results demonstrate that overexpression of
of the embryo, the posterior expression of Xgbx-2 is very Xgsk-3 in ectodermal explants increases cement gland in-
weak (Fig. 3G) and dif®cult to measure reliably. We con- duction in the presence of dorsal mesoderm.
clude that the loss of Xgbx-2 epidermal staining suggests
that the expansion of the prospective cement gland and
pituitary regions caused by Xgsk-3 occurred at the expense Xgsk-3 Synergizes with Noggin
of epidermis. To explore the mechanism by which ectopic Xgsk-3 ex-
pression enhances cement gland induction in whole em-
bryos and ectoderm/mesoderm conjugates, we tested theXgsk-3 Increases Ectodermal Responsiveness to
ability of Xgsk-3 to enhance the effects of factors known toMesoderm
induce cement gland. Noggin is a secreted factor that is
expressed in the dorsal mesoderm (Smith and Harland,Since cement gland expansion is a speci®c effect of ani-
mal pole injection of Xgsk-3 RNA and is different from the 1992) and that can induce cement gland and the expression
of neural genes in isolated ectoderm (Lamb et al., 1993). Ineffect of injection in the presumptive mesoderm (Domin-
guez et al., 1995; He et al., 1995; Pierce and Kimelman, addition, in isolated ectoderm, noggin induces Xotx2 (Lamb
et al., 1993; Blitz and Cho, 1995) and XANF-2 (Mathers et1995), we asked if the effects of Xgsk-3 were due to a direct
effect on the ectoderm. To examine this, and to determine al., 1995), the expression of which are expanded in whole
embryos by Xgsk-3 overexpression. Embryos were injectedwhether Xgsk-3 could directly induce cement gland, we cul-
tured isolated blastula stage ectoderm from embryos in- in both cells at the two-cell stage with 37.5 pg of RNA
encoding noggin in combination with RNA encoding Xgsk-jected with Xgsk-3 RNA and evaluated XAG-1 expression
by whole-mount in situ hybridization. Ectoderm expressing 3 or Xgsk-3FS. Ectoderm was explanted at the blastula stage,
cultured until the late neurula stage, and analyzed byXgsk-3 expressed very low levels of XAG-1, visible as small
specks of stain, while control explants, isolated from em- whole-mount in situ hybridization for XAG-1 expression.
Noggin induced a low level of XAG-1 (Fig. 5C), as did Xgsk-bryos that were injected with Xgsk-3FS RNA, showed no
XAG-1 induction (Figs. 4A and 4B and Table 1). This indi- 3 alone (Fig. 5B). In three independent experiments, a much
higher level of XAG-1 was induced by noggin in the pres-cated that Xgsk-3 was capable of inducing low levels of
cement gland, but this seemed unlikely to account for the ence of Xgsk-3 (Fig. 5D), similar to the level induced by
150 pg of noggin RNA alone (Fig. 5E). In three independentdramatic expansion of cement gland seen in the whole em-
bryo. We hypothesized that Xgsk-3 might be enhancing the experiments, Xgsk-3 had no effect on cement gland induc-
tion by Xenopus banded-hedgehog (not shown), which isresponse of ectoderm to endogenous cement-gland-inducing
signals originating in the mesoderm. To test this hypothe- also an effective inducer of cement gland in isolated ecto-
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derm (Ekker et al., 1995; Lai et al., 1995). Thus, Xgsk-3 al., 1995), while the more anterior region of the XANF-2
appears to function by enhancing ectodermal respon- expression domain marks the presumptive anterior pitu-
siveness to speci®c cement-gland-inducing signals, such as itary (Mathers et al., 1995). Both of these genes can be in-
noggin. duced in naive ectoderm by noggin (Lamb et al., 1993; Blitz
and Cho, 1995; Lai et al., 1995), and Xotx2 can directly
induce cement gland (Blitz and Cho, 1995; Pannese et al.,
DISCUSSION 1995). Although noggin has been shown to induce the ante-
rior genes tested here, it has not been found to induce neural
We show here that injection of RNA encoding Xgsk-3 in genes which are expressed posterior to Xotx2, such as en-2
the presumptive ectoderm results in a dramatic expansion (Lamb et al., 1993). In keeping with this, we have found
of the cement gland, the most anterior structure in the Xen- that more posterior neural genes, such as Krox-20 and the
opus embryo. Using b-galactosidase as a lineage tracer, we neural component of Xgbx-2, are not expanded in whole
found that while the injected RNA is often spread along the embryos by the ectopic expression of Xgsk-3 (unpublished
length of the body, the cement gland expansion is limited to results). In addition, although Xgsk-3 enhances the ability
approximately the anterior half of the embryo. This suggests of noggin to induce XAG-1 (Fig. 5) and XANF-2 (unpublished
that ectopic Xgsk-3 may be enhancing the responsiveness of results) in ectodermal explants, we have not found that it
the ectoderm to endogenous cement-gland-inducing signals allows noggin to induce the neural gene en-2 (unpublished
originating in the anterior dorsal mesoderm. This enhanced results). These results are consistent with the hypothesis
responsiveness would be expected to result in cement gland that Xgsk-3 is interacting with the noggin signaling path-
induction in a broader region than normal, but the extent way in its effects on anterior patterning. The reduction of
of this region would still be limited by the spread of the the neural expression of Xgbx-2 in some embryos, as well
inducing signal. We tested this hypothesis by making conju- as effects on other genes within the neural plate and neural
gates of ectoderm and dorsal mesoderm and found that the crest (unpublished results), suggests that although the size
cement gland marker XAG-1 is induced by mesoderm more of the neural plate is not appreciably altered, Xgsk-3 overex-
effectively in ectoderm that overexpresses Xgsk-3 than in pression may disrupt signals involved in neural patterning.
control ectoderm. This result demonstrates that overex- Sive and co-workers have shown that at least two meso-
pression of Xgsk-3 in the ectoderm is suf®cient for the in- derm-derived signals are required for correct cement gland
duction of excess cement gland and suggests that in the localization: an inducing signal that speci®es cement gland
whole embryo, excess Xgsk-3 enhances ectodermal respon- formation from anterior ectoderm and a dominant inhibi-
siveness to endogenous cement-gland-inducing signals de-
tory signal that could produce a stable border between neu-
rived from the mesoderm.
ral and nonneural ectoderm (Sive et al., 1989) Noggin is
To explore the mechanism by which ectodermal respon-
well positioned to act as the endogenous inducer of cementsiveness to cement-gland-inducing signals is increased by
gland, since noggin RNA is expressed in the gastrula stagesXgsk-3 overexpression, we tested whether Xgsk-3 could en-
in the dorsal midline (Smith and Harland, 1992). We suggesthance the response of ectoderm to speci®c signals known to
that ectopic overexpression of Xgsk-3 is enhancing the re-induce cement gland. We found that in ectodermal explants,
sponsiveness of ectoderm to endogenous cement-gland-in-Xgsk-3 signi®cantly increased the response to noggin, a se-
ducing signals without affecting the inducing signal itselfcreted factor that is expressed in the dorsal mesoderm
or the proposed inhibitory signal. Thus, cement gland in-(Smith and Harland, 1992), but that it had no effect on ecto-
duction would be limited posteriorly by the inhibitory sig-dermal responsiveness to Xenopus banded-hedgehog, which
nal forming the border of the neural plate and laterally andalso induces cement gland in ectodermal explants (Ekker et
ventrally by the spread of noggin and the responsiveness ofal., 1995; Lai et al., 1995). These results indicate that Xgsk-3
the ectoderm.is affecting a speci®c signaling pathway or pathways, rather
Microdissection and RNase protection analysis of latethan ubiquitously enhancing the response to all cement-
blastula and midneurula-stage embryos, as well as whole-gland-inducing signals. We also observed that overex-
mount in situ hybridization, have shown that Xgsk-3 RNApression of Xgsk-3 alone was able to weakly induce the
is expressed at similar levels throughout the embryo duringexpression of XAG-1 in ectodermal explants, although at a
these stages (unpublished results), indicating that localiza-much lower level than is observed in combination with
tion of anterior structures is not dependent on localizationnoggin or in whole embryos. It is possible that noggin and
of Xgsk-3 RNA. Instead, our results suggest that Xgsk-3Xgsk-3 function in two parallel pathways that interact or,
could be a component of the ectodermal intracellular path-alternatively, Xgsk-3 might directly participate in transduc-
way, which responds to endogenous anterior-inducing sig-tion of the noggin signal.
nals by activating the transduction of genes such as XAG-Ectopic expression of Xgsk-3 also caused expansion of the
1, Xotx2, and XANF-1. As we develop methods to measuredomains of expression of two anteriorly expressed noggin-
the endogenous activity of Xgsk-3, it will be interesting toinducible genes, Xotx2 and XANF-2. The more anterior of
determine whether it is constitutively active, thus provid-the two regions of Xotx2 expression is coincident with the
presumptive cement gland (Blitz and Cho, 1995; Pannese et ing a baseline responsiveness to inducing signals, or
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/ 6x09$$8147 04-04-96 00:15:12 dba Dev Bio
263Xgsk-3 and Anterior Ectodermal Patterning
whether its activity is directly regulated by factors such as Xwnt-3a caused an elevation of posterior neural gene ex-
pression when combined with noggin, only anterior genesnoggin or members of the Wnt family.
In demonstrating and elucidating the in vivo role of Xgsk- were affected when Xwnt-3a was combined with X-bhh
(McGrew et al., 1995), indicating that different signaling3 in Xenopus dorsal±ventral axis determination, the use of
a dominant inhibitory mutant of Xgsk-3 (Xgsk-3K r R) was pathways may be involved.
very successful (Dominguez et al., 1995; He et al., 1995;
Pierce and Kimelman, 1995). In our study of anterior devel-
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